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Nano- and micromechanical solid-state quantum devices have become a focus of attention. Re-
liably generating nonclassical states of their motion is of interest both for addressing fundamental
questions about macroscopic quantum phenomena and for developing quantum technologies in the
domains of sensing and transduction. We used quantum optical control techniques to conditionally
generate single-phonon Fock states of a nanomechanical resonator. We performed a Hanbury Brown
and Twiss–type experiment that verified the nonclassical nature of the phonon state without requir-
ing full state reconstruction. Our result establishes purely optical quantum control of a mechanical
oscillator at the single-phonon level.
Intensity correlations in electromagnetic fields have
been pivotal in the development of modern quantum op-
tics. The experiments by Hanbury Brown and Twiss
were a particular milestone that connected the tempo-
ral and spatial coherence properties of a light source
with the second-order intensity autocorrelation function
g(2)(τ, x) [1–3]. In essence, g(2) correlates intensities mea-
sured at times differing by τ or at locations differing by
x and hence is a measure of their joint detection prob-
ability. At the same time, these correlations allow the
quantum nature of the underlying field to be inferred di-
rectly. For example, a classical light source of finite co-
herence time can only exhibit positive correlations at a
delay of τ ≈ 0 in the joint intensity detection probabil-
ity, leading to bunching in the photon arrival time. This
result holds true for all bosonic fields. Fermions, on the
other hand, exhibit negative correlations and hence anti-
bunching in the detection events [4–6], which is a mani-
festation of the Pauli exclusion principle. A bosonic sys-
tem needs to be in a genuine nonclassical state to ex-
hibit antibunching. The canonical example is a single-
photon (Fock) state, for which g(2)(τ = 0) = 0 because
no joint detection can take place [7]. For this reason,
measuring g(2) has become a standard method to char-
acterize the purity of single-photon sources [8]. In gen-
eral, g(2)(τ) carries a wealth of information on the statis-
tical properties of a bosonic field with no classical ana-
logue [9, 10] – specifically sub-Poissonian counting statis-
tics [g(2)(0) < 1] and antibunching [g(2)(τ) ≥ g(2)(0)] – all
of which have been demonstrated successfully with quan-
tum states of light [11, 12].
Over the past decade, motional degrees of freedom
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(phonons) of solid-state devices have emerged as a quan-
tum resource. Quantum control of phonons was pioneered
in the field of trapped ions [13], where single excitations
of the motion of the ions are manipulated through laser
light. These single-phonon states have been used for
fundamental studies of decoherence [14] and for elemen-
tary transduction channels in quantum gates for universal
quantum computing [15]. Cavity optomechanics [16] has
successfully extended these ideas to optically controlling
the collective motion of solid-state mechanical systems. It
has allowed for remarkable progress in controlling solid-
state phonons at the quantum level, including sideband
cooling into the quantum ground state of motion [17, 18],
the generation of quantum correlated states between radi-
ation fields and mechanical motion [19–21], and the gen-
eration of squeezed motional states [22–24].
So far single-phonon manipulation of micromechanical
systems has exclusively been achieved through coupling
to superconducting qubits [25–27], and optical control has
been limited to the generation of quantum states of bipar-
tite systems [20, 21, 28]. Here we demonstrate all-optical
quantum control of a purely mechanical system, creating
phonons at the single quantum level and unambiguously
showing their nonclassical nature. We combined optome-
chanical control of motion and single-phonon counting
techniques [21, 29] to probabilistically generate a single-
phonon Fock state from a nanomechanical device. Im-
plementing Hanbury Brown and Twiss interferometry for
phonons [21, 29] (Figure 1) allowed us to probe the quan-
tum mechanical character of single-phonons without re-
constructing their states. We observed g(2)(0) < 1, which
is a direct verification of the nonclassicality of the optome-
chanically generated phonons, highlighting their particle-
like behavior.
Our optomechanical crystal [18] consists of a microfab-
ricated silicon nanobeam patterned so that it simultane-
ously acts as a photonic and phononic resonator (Fig-
ure 2). The resulting optical and mechanical modes cou-
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FIG. 1: Working principle of the approach used to generate single-phonon states and verify their nonclassicality.
The first step (left) starts with a mechanical oscillator in its quantum ground state, followed by pumping the optomechanical
cavity with a blue-detuned pulse. The resonator is excited to a single-phonon state with a probability pb = 1.2% through the
optomechanical interaction, which is accompanied by the emission of a photon on resonance with the cavity. The detection of
such a photon in a single-photon detector (indicated by the “Click”) allows us to post-select on a purely mechanical Fock state.
To verify the quantum state that we created, a red-detuned read pulse is sent onto the optomechanical cavity in the second
step (right), which performs a partial state transfer between the optics and the mechanics. With a probability of pr = 32.5%,
the mechanical system’s excitation is converted into a photon on cavity resonance, returning the mechanics to its ground state.
The photon is sent onto a beamsplitter, where we measure the second-order intensity correlation function g(2) by using a pair of
single-photon detectors. g(2)(0) < 1 confirms the nonclassicality of the generated phonon states. The insets show the equivalent
energy level diagrams of the processes.
ple through radiation pressure and the photoelastic ef-
fect so that a displacement equivalent to the zero-point
fluctuation of the mechanical mode leads to a frequency
shift of the optical mode by g0/2pi = 869 kHz (g0: op-
tomechanical coupling rate). The optical resonance has a
wavelength λ = 1554.35 nm and a critically coupled total
quality factor Qo = 2.28 × 105 (cavity energy decay rate
κ/2pi = 846 MHz), whereas the mechanical resonance has
a frequency of ωm/2pi = 5.25 GHz and a quality factor of
Qm = 3.8× 105. The device is placed in a dilution refrig-
erator with a base temperature of T = 35 mK. When the
device is thermalized, its high frequency guarantees that
the mechanical mode is initialized deep in its quantum
ground state [21].
We utilized two types of linearized optomechanical in-
teractions – the parametric down-conversion and the state
swap – which can be realized by driving the system
with detuned laser beams in the limit of weak coupling
(g0
√
nc  κ, where nc is the intracavity photon num-
ber) and resolved sidebands (κ  ωm) [16]. The para-
metric down-conversion interaction has the form Hdc =
~g0
√
nc(aˆ
†bˆ†+aˆbˆ) where ~ is the reduced Planck constant;
bˆ† and bˆ are the phononic creation and annihilation oper-
ators, respectively; and aˆ† and aˆ are the respective pho-
tonic operators. This interaction is selectively turned on
by detuning the laser frequency ωL to the blue side of the
cavity resonance ωc (ωL = ωc +ωm). Hdc drives the joint
optical and mechanical state, initially in the ground state,
into the state |ψ〉om ∝ |00〉+ p1/2b |11〉+ pb|22〉+O(p3/2b ).
For low excitation probabilities pb  1, higher-order
terms can be neglected so that the system can be ap-
proximated as emitting a pair consisting of a resonant
signal photon and an idler phonon with a probability
pb [30]. Detection of the signal photon emanating from
the device heralds a single excitation of the mechanical
oscillator |ψ〉m ≈ |1〉, in close analogy to heralded single-
photons from spontaneous parametric down-conversion.
To read out the phonon state, we send in another laser
pulse that is now red-detuned from the cavity resonance
by ωm (ωL = ωc − ωm). This realizes a state-swap inter-
action Hswap = ~g0
√
nc(aˆ
†bˆ + aˆbˆ†), which transfers the
mechanical state to the optical mode with efficiency pr.
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FIG. 2: Sketch of the experimental setup used to
measure the intensity autocorrelation function g(2) of
phonons. Blue-detuned pump pulses are sent into the op-
tomechanical cavity, which is kept at 35 mK. With a small
probability pb, the optomechanical interaction creates a single
excitation of the mechanical mode at 5.25 GHz (idler) and at
the same time emits a signal photon on resonance with the
cavity. The original optical pump field is then filtered and
only the signal photon created in the optomechanical down-
conversion process is detected in one of the single-photon de-
tectors (D1 or D2). With a time delay td, a red-detuned read
pulse is sent into the device, converting any mechanical idler
excitation into an idler photon, which again is filtered from
the original pump. Conditioned on the detection of a signal
photon, we measure the g(2) of the idler photons. Because the
red-detuned pulse is equivalent to a state-swap interaction,
the g(2) function that we obtain for the photons is a direct
measure of the g(2) function of the phonons in the mechanical
oscillator. The inset in the top left corner shows a scanning
electron microscope image of the device (top) next to a waveg-
uide (bottom). BS, beamsplitter.
We can therefore use the scattered light field from this
“read” operation to directly measure the second-order in-
tensity correlation function g(2) of the mechanical oscil-
lator mode, which is defined as
g(2)(τ) = 〈bˆ†(0)bˆ†(τ)bˆ(τ)bˆ(0)〉/〈bˆ†(0)bˆ(0)〉〈bˆ†(τ)bˆ(τ)〉,
(1)
where τ is the time between the first and the second detec-
tion event. Like for any other bosonic system, g(2)(0) > 1
means that the phonons exhibit super-Poissonian (clas-
sical) behavior, whereas g(2)(0) < 1 is direct evidence of
the quantum mechanical nature of the state and implies
sub-Poissonian phonon statistics [10].
We implemented the experimental approach (Fig. 1) by
repeatedly sending a pair of optical pulses, the first one
blue-detuned [pump pulse, full width at half maximum
(FWHM) ≈ 32 ns] and the second one red-detuned (read
pulse, FWHM ≈ 32 ns) with a fixed repetition period
Tr = 50 µs. Photons generated through the optomechan-
ical interactions were reflected back from the device and
analyzed by a Hanbury Brown and Twiss interferometer
using two superconducting nanowire single-photon detec-
tors (SNSPDs). We set the mean pump pulse energy to
27 fJ so that pb = 1.2% [31]. Detection of resonant (sig-
nal) photons created by this pulse heralds the prepara-
tion of the mechanical oscillator in a single-phonon Fock
state, in principle with a probability of 98.8%. Owing to
a small amount of initial thermal phonons and residual
absorption heating, a fraction of unwanted phonons were
incoherently added to the quantum states that we pre-
pared [21]. After each pump pulse, a red-detuned read
pulse was sent to the device with a programmable delay
td, reading out phonons stored in the device by convert-
ing them into photons on resonance with the cavity. The
mean read pulse energy is set to 924 fJ, corresponding to
a state-swap efficiency pr ≈ 32.5%. Taking into account
subsequent optical scattering losses, this yields an abso-
lute quantum efficiency for the detection of phonons of
0.9% [31]. Last, the pulse repetition period of Tr = 50 µs,
which is long compared with the mechanical damping
time of 11 µs, provides ample time for dissipating any ex-
citation or unwanted heating generated by optical absorp-
tion. This ensured that each experimental cycle started
with the mechanical mode well in the quantum ground
state. The pulse sequence was repeated more than 7×109
times to acquire enough statistics. Conditioned on herald-
ing events from detector D1 by the blue-detuned pulses,
we analyzed the coincidence detection probability of pho-
tons at D1 and D2 that are transferred from phonons by
the swap operation.
In our first experiment, we set td = 115 ns and
measured g(2)(0) of the heralded phonons. One of our
SNSPDs, D2, exhibited a longer dead time than td [31]
and we therefore only used photon counts from D1 for
heralding the phonon states. From these measurements,
we obtained a g(2)(0) of 0.65+0.11−0.08 (Figure 3C), demon-
strating a nonclassical character of the mechanical state.
The observed g(2)(0) of 0.65 is considerably higher than
what we expect in the ideal case g
(2)
ideal(0) ≈ 4 × pb =
0.045 [31]. We attribute this to heating induced by the
absorption of the pump and read pulses. Although a de-
tailed physical mechanism for the absorption and sub-
sequent heat transfer into the mechanical mode is still
a subject of study [21], the influx of thermal phonons
n˙abs caused by the absorption of drive laser pulses can be
experimentally deduced from the (unconditional) photon
count rates generated by the read pulses [31]. Includ-
ing an estimation of the initial thermal phonon number
ninit, which is likewise inferred from the unconditional
photon counts associated with the pump and read pulses,
we constructed a theoretical model that predicts g(2)(0)
as a function of pb, ninit, and n˙abs. Given the measured
ninit ≈ 0.20 and n˙abs [31] within the read pulse, our model
predicts g(2)(0) ≈ 0.76, which is consistent with the ex-
perimental value.
To further probe the effect of thermal phonons, we per-
formed a set of experiments with reduced repetition pe-
riods Tr, while keeping the other settings for the pump
pulses the same. This effectively increases ninit, because
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FIG. 3: Experimental single-phonon creation and HBT interferometry. A Pulse sequence used in the experiments.
Each cycle consists of a blue-detuned pump pulse and a subsequent red-detuned read pulse delayed by td. The pulse sequence
is repeated with the period Tr. Both td and Tr can be adjusted. B The measurement result of the second-order correlation
function g(2)(τ = ∆n × Tr) of the heralded phonons, with g(2)(0) < 1 being a direct measure of their nonclassicality. In this
measurement, we set td = 115 ns and Tr = 50 µs. g
(2)(∆n × Tr) with ∆n 6= 0 depicts the correlations between phonons read
from separate pulse sequences with the cycle difference of ∆n. Whereas phonons from independent pulses show no correlation
[g(2)(∆n × Tr; ∆n 6= 0) ≈ 1], those from the same read pulse are strongly anticorrelated [g(2)(τ = 0) = 0.65+0.11−0.08]. C The
influence of an incoherent phonon background on the g(2)(0) of the generated mechanical states. Several measurements are
plotted for a range of different effective initial temperatures of the nanomechanical oscillator. The first data point (green)
was taken with a delay td = 115 ns and a repetition period Tr = 50 µs. We control the initial mode occupation ninit (initial
mode temperature Tinit) by using the long lifetime of the thermally excited phonons stemming from the delayed absorption
heating by pump and read pulses. This allows us to increase ninit while keeping the bulk temperature and properties of the
device constant, causing an increase in g(2)(0), as the state becomes more thermal. The red line shows the simulated g(2)(0)
as discussed in [31]. For technical reasons all data points (yellow and purple) except the leftmost (green) were taken with
td = 95 ns. In addition, the second from the right (purple) was taken at an elevated bath temperature of Tbath = 160 mK.
the absorbed heat does not have enough time to dissipate
before the next pair of pulses arrives. As expected, as Tr
was reduced, we observed an increase in g(2)(0). With the
measured ninit and n˙abs from the same data set, we can
plot the predicted g(2)(0) values. The experimental values
and theoretical bounds on g(2)(0) are in good agreement
(Fig. 3).
We also measured g(2)(0) for td = 350 ns and found
that it increased to 0.84+0.07−0.06. This increase is consistent
with previously observed delayed heating effects of the
absorption [21] and is in good agreement with the theo-
retical prediction of 0.84. Even for these longer delays,
the value is still below 1, demonstrating the potential of
our device as a single-phonon quantum memory on the
time scale of several hundred nanoseconds.
We experimentally demonstrated the quantum nature
of heralded single-phonons in a nanomechanical oscil-
lator by measuring their intensity correlation function
g(2)(0) < 1. The deviation from a perfect single-phonon
state can be modeled by a finite initial thermal occupa-
tion and additional heating from our optical cavity fields.
We achieved conversion efficiencies between phonons and
telecom photons of more than 30%, only limited by
our available laser power and residual absorption. Full
state reconstruction of the single-phonon state, as demon-
strated with phononic states of trapped ions [14], should
be realizable with slightly improved read-out efficiency
and through homodyne tomography. The demonstrated
fully optical quantum control of a nanomechanical mode,
preparing sub-Poissonian phonons, shows that optome-
chanical cavities are a useful resource for future integrated
quantum phononic devices, as both single-phonon sources
5and detectors. They are also an ideal candidate for stor-
age of quantum information in mechanical excitations and
constitute a fundamental building block for quantum in-
formation processing involving phonons. Some of the po-
tential applications include quantum noise–limited, co-
herent microwave-to-optics conversion, as well as studying
the quantum behavior of individual phonons of a massive
system.
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Supplementary Materials
Optomechanical devices
The optomechanical device is fabricated from a silicon
on insulator wafer (Soitec) with a device layer of 250 nm
thickness on top of a 3 µm buried oxide layer. We pattern
our chips with an electron beam writer and transfer the
structures into the silicon layer in a reactive ion etcher
using a SF6/O2 plasma. One of the sides of the chip is
removed to allow for in-plane access to the lensed fiber
couplers. After the resist is removed, the device layer is
undercut in 40% hydrofluoric acid. An additional clean-
ing step using the so-called RCA method [32] is performed
to remove organic and metallic residuals. The final step
is a dip in 2% hydrofluoric acid to remove the oxide layer
formed by the RCA cleaning and to terminate the silicon
surface with hydrogen atoms.
Unlike in previous device designs [33], we do not
use an additional phononic shield around the optome-
chanical structure as this unnecessarily increases the re-
thermalization time and therefore reduces the achievable
repetition rate of our experiment [21]. We reduce the me-
chanical quality factors of the designed structures further
by offsetting the photonic crystal holes laterally from the
center of the beam by 30 nm [34]. This yields a measured
quality factor of Qm = 3.8 × 105 at mK temperatures,
while otherwise such structures exhibit Q’s beyond 107.
In order to find particularly good devices on a chip, we
characterize them in a pump-probe experiment at cryo-
genic temperatures (35mK) and select devices with opti-
mal mechanical Q and low optical absorption. We then
perform cross-correlation measurements of the photon-
phonon pairs scattered by the pump pulse, while varying
the repetition period Tr, pump excitation probability pb
and state-swap efficiency pr. This short two-fold coinci-
dence measurement (∼1h) allows us to predict the expec-
tation value of the three-fold coincidence autocorrelation
measurement [21, 35, 36] as well as the time required to
obtain enough statistics for a targeted confidence interval.
We chose a parameter set, which allows for a statistically
significant (p-value < 0.001, see below) demonstration of
intensity anticorrelations (g(2)(0) < 1) of the phononic
state within a realistic measurement time (∼100h).
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FIG. S1: A sideband asymmetry measurement is performed
to extract the optomechanical coupling rate g0. For a detailed
explanation of the measurement see the text below. We plot
the detected photon counts per pulse repetition per nanosec-
ond for a blue-detuned (blue) and a red-detuned beam (red).
Unwanted contributions from leaked pump photons and detec-
tor dark counts are independently measured and subtracted.
Integrating over the whole detection window (i.e. from 30 to
150 ns in the plot) gives the photon counting probabilities Cb
and Cr, respectively. From this data, we extract the optome-
chanical coupling rate g0/2pi = 869 kHz.
Detection efficiency
We calibrate the total detection efficiencies of optome-
chanically generated cavity photons (ηi; i = 1, 2) by per-
forming a series of independent measurements. First, the
fiber-to-device coupling efficiency (ηfc = 0.48) is mea-
sured by sending light with known power to the photonic
crystal and then measuring the reflected power. The
extraction efficiency of cavity photons ηdev is obtained
from the device impedance ratio, ηdev = κe/κ, where
κe is the external cavity energy decay rate. These val-
ues are extracted from the visibility and the linewidth
of the optical resonance scan, and we find ηdev = 0.5.
Furthermore, we measure the efficiency of detecting pho-
tons coming from the device for each SNSPD. We launch
weak, off-resonant optical pulses with an average of 5.14
photons to the device and measure the photon count
rate of each SNSPD. This measurement gives the quan-
tities η2fc × ηtrans,i × ηQE,i, where ηtrans,i is the trans-
mission efficiency of the detection path to each SNSPD,
while ηQE,i is their quantum efficiency. As ηfc is mea-
sured independently, ηtrans,i × ηQE,i can be calculated
from these results. Finally, this allows us to obtain
ηi = ηdev × ηfc × ηtrans,i × ηQE,i, which are η1 = 1.16%
and η2 = 1.50%, respectively.
7Optomechanical coupling rate
In order to calibrate the optomechanical coupling rate
g0 between the cavity field and the mechanical mode, we
perform a measurement similar to sideband thermome-
try [21, 37] (see Figure S1). In this measurement, pairs
of pump and probe pulses are sent to the device with
a repetition period of Tr = 100 µs. For this pulse se-
quence, a blue-detuned pump pulse (190.62 fJ) is sent
to intentionally heat the device’s mechanical mode, fol-
lowed by the probe pulse (55.16 fJ) with a long de-
lay of 99.825 µs. We perform two sets of such repeti-
tive measurements, one with red-detuned and the other
with blue-detuned probe pulses. From each measure-
ment, we acquire a photon counting probability for the
probe pulses, Cr (red-detuned) and Cb (blue-detuned).
These can be expressed as Cr = (η1 + η2)× pr × nth and
Cb = (η1 + η2)× pb× (1 + nth) in the limit of pb  1 and
pr  1, where pb and pr are equivalent to the photon-
phonon pair excitation probability and state-swap effi-
ciency as introduced in the main text. pb and pr can be
explicitly written as
pb = exp(κe/κ
[
4g20Ep/~ωc(ω2m + (κ/2)2)
]
)− 1, (S1)
pr = 1− exp(−κe/κ
[
4g20Ep/~ωc(ω2m + (κ/2)2)
]
), (S2)
where Ep is the total energy of the incident laser pulses
and all the other terms as defined in the main text. We
find that Cr = 0.0064% and Cb = 0.0697%. From these
values we extract nth = 0.104, pr = 2.32%  1 and
pb = 2.37%  1, which allows us to directly obtain
g0/2pi = 869 kHz, in good agreement with our simulated
value [21]. With the calibrated value of g0, the scattering
probabilites pr and pb can now be directly set by sim-
ply choosing the appropriate pulse energies. The average
phonon occupation of the mechanical oscillator nth can
also be obtained by measuring the count rates with prede-
termined values of pb and pr, without requiring sideband
thermometry.
Data analysis
The second order autocorrelation function is defined as
g(2)(t1, t2) =
〈
: Nˆ(t1)Nˆ(t2) :
〉
〈
Nˆ(t2)
〉〈
Nˆ(t1)
〉 , (S3)
where Nˆ(t) = bˆ†(t)bˆ(t) is the phonon number operator
of the mechanical mode at time t after the start of the
pulse sequence, and : : is the notation for time and normal
ordering of the operators. The mechanical mode is mea-
sured by the optical read pulses and the signal, i.e. the
scattered photons, are filtered before they are detected
by SNSPDs. Consequently, the observed detection events
are averaged by the optical filters and weighted with the
envelope of the read pulse np(t), which holds for the weak
coupling (i.e. adiabatic) regime. Further, to gain enough
statistics, the events associated with the read pulse are
integrated. We define the time interval [ta, tb], containing
the effective pulse shape p(t), which is obtained from the
actual pulse envelope np(t) and the filter transfer func-
tion. This allows us to express the observed autocorrela-
tion function
g
(2)
obs(τ) =
∫ tb
ta
dt1
∫ tb+τ
ta+τ
dt2p(t1)p(t2)
〈
: Nˆ(t1)Nˆ(t2) :
〉
(∫ tb
ta
dt1p(t1)
〈
Nˆ(t1)
〉)(∫ tb+τ
ta+τ
dt2p(t2)
〈
Nˆ(t2)
〉) ,
(S4)
for a delay τ between two phonon measurements. This
averaging does not influence the validity of the statements
about sub-poissonian statistics and nonclassicality of the
mechanical state. Strictly speaking, within the averaging
window there is a randomization of the phonon statistics
due to damping and heating. Thus, a small regression to-
wards g(2) = 1 is the expected. Due to the short averaging
time, this effect is negligible compared the other uncer-
tainties and systematic effects described below, such that
we can safely assume g(2)(τ) ≡ g(2)(td, td + τ) ≈ g(2)obs(τ),
with the effective delay of the read pulse td = (ta + tb)/2.
A Hanbury Brown and Twiss setup with two single-
photon detectors D1 and D2 with low count rates al-
lows to measure this second order autocorrelation [30, 36].
Specifically, for τ = 0, this expression reduces to the
cross-correlation between those detectors
g(2)(0) ≈ g(2)E1,E2 = P (E1 ∩ E2)/P (E1)P (E2), (S5)
where P (X) describes the probability of the occurrence
of event X, and En is a detection event at detector Dn
(n = 1, 2) during the time interval [ta, tb]. In this nota-
tion, it can easily be seen that a rescaling of the detec-
tion efficiency of either detector drops out of the expres-
sion. Consequently, g(2) is independent of losses in the
optical path or the fidelity of the state transfer by the
read pulse. However, the value of g(2) can be changed by
measurement noise, in our case dominated by false pos-
itive detection events (caused by electronic noise, stray
light or leaked pump photons). In our setup this gives
a negligible systematic error δg(2) = g
(2)
E1,E2
− g(2)(0) of
0 < δg(2) < 3 × 10−4. If the state-swap is seen as part
of the measurement, heating of the mechanical state by
optical absorption of pump photons within the device can
also be interpreted as measurement noise. The effect on
g(2) depends strongly on the initial effective temperature
of the mechanical mode, so that we cannot give a general
number for the systematic error. From simulations, we
deduce that it spans from about 0 < δg
(2)
abs < 0.17 for the
lowest temperature measurement to 0 < δg
(2)
abs < 0.02 for
the highest initial temperature. The absorption heating
8in combination with dead time of the SNSPDs, addition-
ally causes a systematic error of 0 < δg
(2)
dt < 0.03, which
is described in detail in the following section. As the
heating related effects can also be considered to be part
of the actual mechanical state and the other effects are
much smaller than the statistical uncertainties, all g(2)
values presented in this work are not corrected for these
systematic errors. With all δg(2) > 0, the presented val-
ues are upper bounds to the noise free auto-correlation of
the mechanical state.
To estimate the statistical uncertainty of our measure-
ment, we use the likelihood function based on a binomial
distribution of photon detection events in the limit of low
probabilities. The experimentally measurable values for
g
(2)
E1,E2
(0) are the maximum likelihood values
g¯
(2)
E1,E2
≡ C(E1 ∩ E2)/N
(C(E1)/N)(C(E2)/N)
≈ g(2)E1,E2 , (S6)
where C(E1) (C(E2)) is the number of counts registered
at detector D1 (D2) and C(E1 ∩ E2) is the number of
co-detection events at both detectors, all conditioned on
heralding events (i.e. detection events from earlier pump
pulses). N refers to the number of such heralding events.
In our experiment, the uncertainty of g
(2)
E1,E2
is dominated
by that of P¯ (E1 ∩ E2) ≡ C(E1 ∩ E2)/N , i.e. the esti-
mated probability of P (E1 ∩E2), as E1 ∩E2 is the rarest
event among all the other events. Therefore, we use the
likelihood function of P (E1 ∩ E2) to determine the con-
fidence interval of the given values g(2)(0) = g¯
(2)
E1,E2
+σ+
−σ− ,
such that the likelihood of the actual value of g
(2)
E1,E2
is
34% to be within
[
g¯
(2)
E1,E2
− σ−, g¯(2)E1,E2
]
and 34% to be
within
[
g¯
(2)
E1,E2
, g¯
(2)
E1,E2
+ σ+
]
. While the low count num-
bers produce skewed likelihood functions and therefore
unequal upper and lower uncertainties σ±, the counts
are high enough such that the rule of thumb of requir-
ing 3σ for statistical significance (p-value< 0.001) still
holds. Specifically, our null hypothesis is no correla-
tion between the phonons in the oscillator, i.e. an ac-
tual g
(2)
actual = 1. For the delay of the read pulse of
td = 115 ns and T = 35 mK, we measured an auto-
correlation of g(2)(0) = 0.647+0.105−0.079. The p-value, i.e. the
probability of observing this or a more extreme result,
given that the null hypothesis of no correlation was true,
is p = P
(
g¯
(2)
E1,E2
≤ 0.647∣∣g(2)actual = 1, N = 1.2 × 106) <
7 × 10−4. In our case this coincides with the probabil-
ity of falsely rejecting the classical bound P
(
g
(2)
actual(0) ≥
1
∣∣g¯(2)(0) = 0.647+0.105−0.079) < 7 × 10−4. For the delay of
td = 370 ns and T = 35 mK, we find the p-value p < 0.01
for the observed g(2)(0) = 0.832+0.068−0.058, also coinciding
with P
(
g
(2)
actual(0) ≥ 1
∣∣g(2)(0) = 0.832+0.068−0.058) < 0.01.
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FIG. S2: Plotted are the heralded counts for various combina-
tions of detection events: In brown, yellow, purple and green
are the counts of photons scattered by the read pulse (left
axis), heralded on the detection of a photon scattered by the
pump pulse. They are normalized to the detection efficiency
of events heralded by detector D1 and detected by D2 (yel-
low). All combinations involving D1 either for heralding or
detection match well with the simulated counting distribution
(blue). Notably, the combination of heralding and detecting
with D2 deviates from that. This reduced detection efficiency
is caused by the longer dead time of D2 compared to D1. In
addition, the time window over which the pulse averages, is
shifted to later times and is more heavily influenced by the
cumulative heating nabs(t) (red) by absorbed driving photons
from the read pulse. The latter is extracted from the detec-
tion of a thermal state and compensated for the optomechan-
ical cooling to obtain the true cumulative number of added
phonons nabs(t) (right axis).
Dead time effects
In order to reduce the effects of absorption heating on
the mechanical state [21, 37, 38], it is important to mea-
sure the state as quickly as possible upon its generation
by the pump pulse. For the data shown in Figure 3B in
the main text, the time delay between the read and the
pump pulses is td = 115 ns. For the measurements in Fig-
ure 3C, td is set to 95 ns, except for the first data point,
which represents the result of Figure 3B.
In our measurement scheme, we use the same pair
of SNSPDs to herald the generation of nonclassical me-
chanical states as we use to measure g(2)(0) through the
read pulses. After a detection event, the superconducting
nanowire is in the normal conducting state and is there-
fore blind to additional photons arriving during this time,
before it cools down and returns into the superconducting
state. This so-called dead time for our detectors is nomi-
nally on the order of 50 – 70 ns. If the state is heralded
by one of the SNSPDs and its dead time overlaps with
the arrival time of the photons from the read pulse, its
detection efficiency will be lower than the nominal value.
In our experiment this is in fact the case for detector D2
9in the measurement of g(2)(0) with td = 115 ns (cf. Fig-
ure S2).
To first approximation, this should have no influence
on the value of g(2)(0) itself, as the detection probability
of the heralded pulses enters equation (S5) in the numer-
ator P (E1 ∩E2) and the denominator P (E2) in the same
way. However, a detected readout pulse with a seem-
ingly distorted shape as in Figure S2 effectively measures
the mechanical state slightly later than the nominal de-
lay time td. Due to absorption heating during the read
pulse (cf. Figure S2), the mechanical state at later times
is corrupted by the influx of thermal phonons n˙abs(t).
Therefore, it will increase the observed value of g(2)(0)
towards 2, the value of a thermal state. For this reason
we discard heralding events from detector D2 for short
delays.
A more detailed analysis allows us to quantify the sys-
tematic error by the shorter dead time of detector D1.
The minor reduction of the detection efficiency for a td
of 115 ns leads to 0 < δg
(2)
dt < 0.01, which corresponds
to an overestimation of our observed value of g(2)(0) by
much less than our statistical uncertainty. For td = 95 ns,
this effect from detector D1 becomes stronger, resulting
in 10% reduced detection efficiency. However, thanks to
an increased thermal background, it only produces a sys-
tematic error of around 0 < δg
(2)
dt < 0.03, which is again
smaller than the statistical uncertainty. As they are neg-
ligible in magnitude, we did not account for these sys-
tematic errors in the reported values of g(2) in the main
text.
Simulation of the correlation function
To calculate the expected value of g(2) we use the for-
malism developed by Barchielli [39, 40]. In order to do
this, we require a model of the open-system dynamics
of our optomechanical system, describing the coupling to
the environment. In addition to the typical assumption
that the mechanical system couples to a heat bath of a
fixed temperature, we observe in our experiment an ad-
ditional, time-dependent heating effect that is activated
by the strong read pulse. In the absence of a microscopic
description of this effect, we adopt a simple phenomeno-
logical description and model it as a standard Lindblad
dynamics with two parameters γ and nbath, which can be
estimated from the singlefold detection events of the ex-
erimental g(2) data for each ninit. Note that nbath is not
the occupation number determined by the dilution refrig-
erator and is assumed to be a function of time. In essence,
the incoherent (thermal) phonon influx n˙abs = γnbath(t)
is the derivative of the cummulative absorbtion heating
and can be extracted from singlefold detection events,
with calibrated scattering rates from sideband asymme-
try measurements (see above) and knowledge of the en-
velope of the read pulse (cf. Figure S2). The mechanical
decay rate γ is assumed to be the measured decay rate
ωm/Qm. The Lindblad dynamics stay identical when cou-
pling to a number of different baths with different cou-
pling strengths, as long as the phonon influx and the me-
chanical decay rate stay constant. For reasons of sim-
plicity, we therefore work with a single phenomenological
phonon influx γ × nbath(t).
The evolution of the optomechanical quantum state ρ
under open-system dynamics can be described by a Lind-
blad master equation [41] of the form [42]
ρ˙ = Lρ = − i
~
[Hswap(t), ρ] + κD[a]ρ+ γ(nbath(t) + 1)D[b]ρ+ γnbath(t)D[b
†]ρ, (S7)
where the time dependence in Hswap accounts for the
time-dependent drive by the light pulses. The Lindblad
terms,
D[s]ρ = sρs† − 1
2
(
s†sρ+ ρs†s
)
, (S8)
describe the coupling of the system to its electromagnetic
environment (second term in eq. (S7)) and the mechanical
heat bath with a mean occupation number nbath (third
and fourth term in eq. (S7)). Below we will write the
formal solution of eq. (S7) as ρ(t) = T(t, t0)ρ(t0).
To describe a photon-counting measurement with a
quantum efficiency η, we iteratively solve the master
equation as [43]
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ρ(t) = S(t, t0)ρ(t0) +
∞∑
m=1
∫ t
0
dtm· · ·
∫ t2
0
dt1S(t, tm)JS(t, tm−1) . . . JS(t1, 0)ρ(t0), (S9)
where we defined the operator Jρ = ηκ aρa† (which cor-
responds to the emission of one photon from the cavity),
and the propagator S that solves the effective evolution
S˙ = (L − J)S. Equation (S9) allows for the following in-
terpretation: Assuming that we register m photons on
the photo-detector, the conditional state of the system
is, up to a normalizing factor, given by the m-th term
in the sum above. In case no photons are registered, the
unnormalized conditional state is given by S(t, t0)ρ(t0) in-
stead. The heralded state of the mechanical system after
the blue-detuned write pulse (for a click of the detector
at time tclick) is thus given by
ρclick =
Trcav[T(tclick, t0)ρ(t0)− S(tclick, t0)ρ(t0)]
Tr[T(tclick, t0)ρ(t0)− S(tclick, t0)ρ(t0)] .
(S10)
Note that this state is conditioned on a measurement of
at least one phonon. For our case where two-fold events
are rare, this effectively reduces to the first term in the
sum in eq. (S9), i.e., ρclick ∝ Trcav[a†aS(tclick, t0)ρ(t0)].
As the evaluation of g(2) is computationally expen-
sive, we first adiabatically eliminate the cavity mode from
eq. (S7), which is possible in the weak-coupling limit
g0×√nc  κ. For the case of the red-detuned read pulse
we find the equation (neglecting the very weak optical-
spring effect) [42]
ρ˙m = [γ(nbath+1)+Γ−(t)]D[b]ρm+(γnbath+Γ+(t))D[b†]ρm,
(S11)
for the reduced state of the mechanical system ρm, with
Γ±(t) = 2κe/κ× g20nc(t)Re(η±), η− = 2/κ, η+ = 2/(κ +
4iωm). In this approximation the photo-counting mea-
surement at the cavity resonance frequency is described
by J(t)ρ = ηΓ−(t)bρb†.
To calculate g(2) of the photons emitted from the cavity
(after heralding) we need to evaluate time- and normal-
ordered expectation values of the cavity output field,
which is readily achieved in this formalism. We find [40]
〈Iˆ(t1)〉 = Tr[J(t1)T(t1, tclick)ρclick], (S12)
〈: Iˆ(t1)Iˆ(t2) :〉 = Tr[J(t2)T(t2, t1)J(t1)T(t1, tclick)ρclick].
(S13)
To evaluate equations (S12) and (S13), we expand the
mechanical operators in a number basis up to a maximal
phonon number of 50. We assume the mechanical system
to initially be in a thermal state with a mean phonon
number ninit. In optomechanical crystals, the mechanical
damping rate γ tends to be a function of the environmen-
tal temperature. As γ × nbath is effectively treated as a
single parameter n˙abs and the time scale of the simulation
is short compared to the mechanical decay time 1/γ, po-
tential changes of γ with the bath temperature by up to
one order of magnitude do not influence the simulations
significantly.
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FIG. S3: Shown is the numerically calculated g(2) function of
a squeezed Gaussian state with an initial thermal occupation
of ninit = 0.20 as a function of displacement α¯ and squeezing
parameter r (color-coded) for θ = 2φ. Even for the optimal
choice of settings r = 0.44 and α¯ = 2.00, such a model cannot
explain our data.
Nonclassicality and g(2)
The degree of second order coherence g(2) allows to
draw various conclusions on the system under investiga-
tion. The most prominent use of g(2) is to violate the
nonclassicality bound as described in the main text. The
physical meaning of this bound can be inferred from the
variance of the energy Hˆ = ~ωmbˆ†bˆ of the free mechanical
oscillator.
Var(Hˆ) =
〈
Hˆ2
〉
−
〈
Hˆ
〉2
=
(
g(2)(0)− 1
)〈
Hˆ
〉2
+~ωm
〈
Hˆ
〉
.
(S14)
For classical physics, i.e. not applying canonical quan-
tization, 〈: Hˆ2 :〉 = 〈Hˆ2〉 and therefore the last term,
stemming from the commutation relations, drops out. It
immediately follows from Var(Hˆ) ≥ 0 that g(2)(0) ≥ 1.
When using the canonical quantization, we can infer from
g(2)(0) < 1 that the source had sub-Poissonian phonon
statistics. This also classifies the mechanical state as
”nonclassical” in the sense that it cannot be represented
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as an incoherent mixture of coherent states [12]. The de-
gree of second order coherence g(2) can be used to test
against stricter bounds as well [44], some of them de-
pending on the physical system under investigation. For
two level systems it is for example important to demon-
strate that only a single emitter is present. This can be
done by demonstrating g(2)(0) < 0.5 [45]. In our case it
is sufficient to show g(2)(0) < 1 as we only have a single
macroscopic oscillator by design.
As we can see from equation (S14), states possessing
a small variance and/or low energies can also exhibit
g(2)(0) < 1. One set of states, which is interesting to ex-
clude is incoherent mixtures of Gaussian states. In gen-
eral, linear bosonic systems that involve squeezing can
exhibit g(2)(0) < 1. This has recently been theoreti-
cally shown in the context of optomechanics [46]. Using
these models we numerically calculate g(2)(0) for a gen-
eral mechanical single-mode Gaussian state undergoing
squeezing. For this, we use the most favorable parameters
observed in our correlation experiments. We start from
an initial thermal state ρˆinit with ninit = 0.20 phonons,
which corresponds to the lowest temperature observed in
the correlation measurements. The state is assumed to
be purely thermal, which is in agreement with the exper-
imentally observed autocorrelation of the pump pulse of
g(2)(0) = 2.0+0.1−0.1. Neglecting any heating from the opti-
cal pulses, we apply displacement Dˆ(α) = exp[αbˆ† − α∗bˆ]
and squeezing operations Sˆ(ξ) = exp[ 12 (ξ
∗bˆ2 − ξbˆ†2)]
with variable α = α¯eiφ and ξ = reiθ (α¯, r > 0). We
then numerically minimize g(2)(0) of the resulting states
ρˆ = Dˆ(α)Sˆ(ξ)ρˆinitSˆ
†(ξ)Dˆ†(α) as a function of α and ξ
using the quantum toolbox QuTiP [47, 48]. The minimal
correlation we can obtain is g(2)(0) ≈ 0.95, with r = 0.44
and α¯ = 2.00 for θ = 2φ, clearly exceeding our experimen-
tally measured value, as shown in Fig. S3. This simple
model therefore allows us to exclude, with a p-value of
0.002, the possibility that the states we generate are in
fact squeezed Gaussian states. When additionally limit-
ing the mean occupation n = Tr[ρˆbˆ†bˆ] to the experimen-
tally observed occupation number of the heralded states,
1.25 < n < 1.90, we get a minimum g(2)(0) ≈ 0.99, re-
jecting the hypothesis of observing a squeezed state with
even stronger statistical confidence.
